Abstract Control of disinfection by-products during water treatment is primarily achieved by reducing the levels of organic precursor species prior to chlorination. Many waters contain natural organic matter at levels up to 15 mg L -1 ; therefore it is necessary to have a range of control methods to support conventional coagulation. Advanced oxidation processes are such processes and in this paper the Fenton and photoFenton processes along with photocatalysis are assessed for their NOM removal potential. The performance of each process is shown to be dependent on pH and chemical dose as well as the initial NOM concentration. Under optimum conditions the processes achieved greater than 90% removal of DOC and UV 254 absorbance. This removal led to the THMFP of the source water being reduced from 140 to below 10 µg L -1 , well below UK and US standards. An economic assessment of the processes revealed that currently such processes are not economic. With advances in technology and tightening of water quality standards these processes should become economically feasible options.
Introduction
Conventional water treatment processes such as coagulation/flocculation, filtration and activated carbon processes are effective at removing natural organic matter (NOM) from water but are only able to achieve dissolved organic carbon (DOC) levels at best between 1-2 mg L -1 . Increasing TOC removal by increasing coagulant dose will also lead to an accompanying increase in the amount of plant residuals (sludge) generated and associated increases in costs and operators' time. In the US enhanced coagulation is required by the Stage 1 D/DBPR and where it has been implemented sludge production increases when the coagulant dose is increased (Carlson et al., 2000) . The sludge produced during the coagulation of NOM is difficult to dewater because of metal ion and organic content (Harbour et al., 1999) . The NOM problem is an intractable one as even at these residual levels of DOC the trihalomethane (THM) standards are difficult to achieve. NOM has the potential to form over 100 g THM mg -1 DOC therefore residual DOC levels of 1 mg L -1 could fail the proposed standards (Parsons et al., 2002; Singer, 1999) . This means that whilst most water treatment works (WTW) are currently able to meet the standard limit set in the UK further tightening of legislation will make achieving compliance significantly more demanding.
Therefore there is a need, not only in the UK but worldwide, for new technologies and processes that can remove dissolved organic species at low concentrations. Photocatalytical processes have been shown to have potential for treating NOM. Minero et al. (1999) showed that UV/TiO 2 removed more than 80% of the organic carbon pertaining to a commercial humic acid (HA). Eggins et al. (1997) showed that 50% of a 100 mg/l HA adsorbed onto TiO 2 under dark conditions after 12 minutes. On illumination a further 50% removal of the HA was achieved after 50 minutes. Bekbölet and Balcioglu (1996) showed 80% removal of TOC and 98% removal of colour with UV/TiO 2 and that the processes performed better at neutral pH and at lower concentrations of HA. They later showed that the remaining organic matter was easier to biodegrade . Surprisingly little attention has been paid to either Fenton's or photo-Fenton's reagent and this paper presents a comparison of the performance of three AOPs (Fenton's reagent (FR), photo-Fenton's reagent (PFR) and TiO 2 photocatalysis). Both synthetic and real NOM rich waters have been tested and here we compare their removal efficiencies and associated economics.
Methods
Initial experiments were conducted using commercial humic acid (Aldrich humic acid sodium salt) and once an acceptable range of conditions was identified the experiments were repeated with raw inlet water from Albert Water Treatment Works. Albert WTW is a three-stage plant (33,000-55,000 m 3 d -1 ) on the western side of Halifax, England. Treatment consists of ferric coagulation, clarification, primary filtration and manganese removal. Clarification is via 6 dissolved air flotation units; primary filtration is via 6 rapid gravity filters and manganese removal is through 8 pressure filters. Raw water quality during these tests is shown in Table 1 .
Fenton's and photo-Fenton's
Ferrous sulphate heptahydrate (Huntsman Tioxide, UK) and 35% v/v reagent grade H 2 O 2 (Fisher Chemicals) were used in FR and PFR experiments. FR tests were performed on a jar tester. 0.5 litre samples were used for the jar tests with the Fe 2+ and H 2 O 2 being added simultaneously. A 10-litre stainless steel batch reactor was used for PFR. 4 25 W UVC lamps (Van Remmen UV Techniek ® ) were placed in the reactor and a recirculation pump kept the solution in suspension. A sampling port on the reactor enabled collection of samples at the designated times. 0.2 µm membrane syringe filters were used to remove suspended particles.
Photocatalysis
Hombikat UV-100 titanium dioxide photocatalyst was used for all the photocatalytical experiments (Sachtlebaen Chemie GmbH). Photocatalysis experiments were carried out using a 10-litre stainless steel reactor and were conducted in a dark room to prevent photoexcitation of the TiO 2 . For all the photocatalysis experiments the raw water and TiO 2 powder were equilibrated for 30 minutes prior to irradiation. TiO 2 adsorption experiments were performed as a standard jar test and were conducted in the dark.
Analytical measurements
DOC (mg L -1 ) was measured using a Shimadzu TOC-5000A, UV-Abs (1 m -1 ) was measured using a Jenway 6505 UV/Vis spectrophotometer, specific UV absorbance (SUVA) (L mg -1 m -1 ) was calculated as a ratio of the UV-Abs to DOC and THM formation potential (THMFP) was carried out using a method adapted from procedure 5710 in "Standard Methods for the Treatment and Examination of Water and Wastewater" (American Public Health Association, 1992) . The method involved buffering samples at pH 7, chlorinating samples with excess free chlorine and storing the samples at 20°C for 7 days to allow the reaction to approach completion. The total THM (chloroform, dichlorobromoform, dibromochloroform and bromoform) concentration was measured using a SRI 9300A gas chromatograph. High performance size exclusion chromatography (HPSEC) has been used widely in studies on NOM and is an effective tool in assessing the performance of treatment processes. HPSEC was carried out using an HPLC (Shimadzu VP Series, Shimadzu, Milton Keynes, UK) with UV detection set to 254 nm. The mobile phase was 0.01 M sodium acetate at a flow rate of 1 ml min -1 . The column was a TSK gel G3000SW 7.5 mm (ID) × 30 cm and the guard column was TSK gel 7.5 mm (ID) × 7.5 cm (Tosoh Biosep GmbH, Stuttgart, Germany).
Results and discussion
Initial experiments were undertaken using commercial humic acid solution to identify a range of suitable conditions for investigating the performance of the three AOPs. Table 2 . It is clear that the PFR and TiO 2 processes reduce DOC levels very quickly and all processes achieve over 90% reduction of UV 254 within 30 minutes. The optimum pH for FR was higher than that identified in the literature where Waite et al. (2000) reported that above pH 4 FR is relatively inactive. The dose of TiO 2 for adsorption and photocatalysis influenced the efficiency of NOM removal and here the optimum dose identified was 5 g.l -1 .
The three AOPs showed great potential for removing NOM when assessed in terms of reductions in UV 254 absorbance and DOC (Table 3 ). For all processes tested the residual UV 254 values were lower than could be achieved by either ferric or alum coagulants (Fearing et al., " in press") and all achieved greater than 90% removal. In terms of DOC reduction all processes achieved greater than 80% with the two Fenton's processes outperforming photocatalysis. The reduction of organic precursors should lead to a reduction in the THMFP of the treated water. Here it can be seen that treatment with FR reduces the THMFP of the raw water by 97% from 140 µg L -1 to 4.2 µg L -1 (Figure 1 ). This compares to conventional coagulation which for this works produces water typically with a THMFP of ~ 70 µg L -1 .
Recently size exclusion chromatography (HPSEC) has been used to show the effect treatment processes have on the removal of different molecular weight (MW) organics. Coagulation processes are excellent at removing high MW although they are unable to lower molecular weight fraction. Here HPSEC analysis of AOP treated samples constantly revealed rapid oxidation of higher MW fractions, greater than 3 kDa (Figure 2) . Lower molecular weight fractions (< 3 kDa) were removed by greater than 90% by the AOPs studied. However, evidence exists for the formation of intermediate oxidation products although these were then themselves oxidised. This was observed in the HPSEC chromatograms of treated water samples, which identified peaks, not present in the raw water (Figure 3 ). Of the processes tested TiO 2 adsorption is less effective at removing low MW fractions in comparison to TiO 2 /UV (Figure 3) .
Sludge production is a key issue for many WTW operators as in the UK the major disposal route for potable water sludge is landfill. As landfill taxes increase the emphasis on sludge reduction is augmented so therefore any process must not add significant quantities of sludge to the flowsheet. Here a suspended solids test was performed to determine the sludge produced by FR and PFR (Table 4) and it can be seen that compared to simple filtration of the raw water these two AOPs only generate 8% more sludge.
A comparison of the three AOPs (based on laboratory experiments) studied with coagulation (based on laboratory experiments for direct comparison) in terms of performance and cost is shown in Table 5 . DOC removal was greatly enhanced by the four processes studied. It is the DOC that requires removal to reduce the potential for the formation of disinfection by-products during the chlorinating stage. The benefit of the AOPs over current practices is the higher DOC removal, which translates through to lower THMFPs. The operating costs 
Conclusions
All three AOPs tested exhibited great potential for treating water with high concentrations of natural organic matter. Whilst the processes are not currently economic when compared to coagulation it is clear that they offer significant benefits in reducing DOC and THM levels.
